Introduction
============

Regucalcin (RGN), a calcium binding protein with a molecular weight of 33 kDa, was first isolated by Japanese scientists from the rat liver in the 1980s ([@b1-ol-0-0-10374]--[@b4-ol-0-0-10374]). RGN serves a principal role in the maintenance of intracellular calcium homeostasis and liver metabolism. It also influences the activities of numerous enzymes including pyruvate kinase, succinate kinase, glycogen phosphorylase and adenosine ([@b5-ol-0-0-10374]--[@b8-ol-0-0-10374]). Since the 1990s, numerous studies have reported an association between RGN and carcinoma, where the upregulation of RGN expression in various cancer types inhibited tumor growth and metastasis. A previous study demonstrated that the downregulation of RGN expression using the RNAi technique significantly enhanced the proliferation and migration capacities of HepG2 cells ([@b9-ol-0-0-10374]).

Cervical cancer (CC) is a common tumor, which has a high rate of morbidity and mortality in developing countries ([@b10-ol-0-0-10374]). According to the global cancer statistics in 2018, incidence and mortality rates of cervical cancer in women worldwide are 6.6 and 7.5%, respectively ([@b11-ol-0-0-10374]). Cervical adenocarcinoma (CA) is a unique type of cervical cancer with an increasing rate of morbidity, even in young people ([@b12-ol-0-0-10374],[@b13-ol-0-0-10374]). Furthermore, the rate of ovarian metastasis in CA is high compared with that of squamous carcinoma, while its sensitivity to radiotherapy and chemotherapy is significantly lower ([@b14-ol-0-0-10374]--[@b16-ol-0-0-10374]). Gene therapy is becoming one of the potential therapeutic strategies for cervical cancer due to its safety and specificity ([@b17-ol-0-0-10374]). In the present study, exogenous RGN was transfected into HeLa cells, a human papillomavirus-associated endocervical adenocarcinoma cell line, to analyze the effect of RGN in CA, and to determine the signaling proteins involved.

Materials and methods
=====================

### Clinical association between regucalcin (RGN) and cervical cancer

The clinical data for RGN expression in cervical and endocervical cancers (CESC) was derived from The Cancer Genome Atlas (TCGA) database (<https://tcga-data.nci.nih.gov/tcga>). RGN expression was analyzed in six aspects: principal cancer stage, individual cancer stage, patient\'s race, weight, age and histological subtype.

### Cell culture and lentivirus infection

HeLa cells were obtained from the Chinese Academy of Sciences (Beijing, China). A lentiviral vector encoding RGN-cDNA was purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). The cDNA sequence was as follows: ATGTCTTCCATTAAGATTGAGTGTGTTTTGCCAGAGAACTGCCGGTGTGGTGAGTCTCCAGTATGGGAGGAAGTGTCCAACTCTCTGCTCTTTGTAGACATTCCTGCAAAAAAGGTTTGCCGGTGGGATTCATTCACCAAGCAAGTACAGCGAGTGACCATGGATGCCCCAGTCAGCTCCGTGGCTCTTCGCCAGTCGGGAGGCTATGTTGCCACCATTGGAACAAAGTTCTGTGCTTTGAACTGGAAAGAACAATCAGCAGTTGTCTTGGCCACGGTGGATAACGACAAGAAAAACAATCGCTTCAATGATGGGAAGGTGGATCCCGCCGGGAGGTACTTTGCTGGCACCATGGCTGAGGAAACAGCTCCAGCAGTTCTTGAGCGGCACCAGGGGGCCCTGTACTCCCTCTTTCCTGATCACCACGTGAAAAAGTACTTTGACCAGGTGGACATTTCCAATGGTTTGGATTGGTCGCTAGACCACAAAATCTTCTATTACATTGACAGCCTGTCCTACTCCGTGGATGCCTTTGACTATGACCTGCAGACAGGACAGATCTCCAACCGCAGAAGTGTTTACAAGCTAGAAAAGGAAGAACAAATCCCAGATGGAATGTGTATTGATGCTGAGGGGAAGCTCTGGGTGGCCTGTTACAATGGAGGAAGAGTGATTCGTTTAGATCCTGTGACAGGGAAAAGACTTCAAACTGTGAAGTTGCCTGTTGATAAAACAACTTCATGCTGCTTTGGAGGGAAGAATTACTCTGAAATGTATGTGACCTGCGCCCGGGATGGGATGGACCCCGAGGGTCTTTTGAGGCAACCTGAAGCTGGTGGAATTTTCAAGATAACTGGTCTGGGGGTCAAAGGAATTGCTCCCTACTCCTATGCGGGATGA. HeLa cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; HyClone; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA). To produce a cell line that highly expressed RGN, 5×10^5^ cells/well were incubated overnight in a 6-well plate, and the RGN lentiviral or empty vectors were added (multiplicity of infection, 20). Following a 24 h infection period, the cells were treated with puromycin (2 µg/ml) for 72 h to screen for positive clones. Successfully infected cells were verified by the positive expression of green fluorescent protein.

### Reverse transcription-quantitative PCR

The expression of RGN mRNA was determined using the PrimeScript™ RT reagent kit and the SYBR Premix Ex Taq™ II kit (Takara Bio, Inc., Otsu, Japan). All steps were performed according to the manufacturer\'s protocols. Primer sequences were as follows: RGN forward, 5′-GTGGATGCCTTTGACTATGACC-3′, and reverse, 5′-CTTCCCCTCAGCATCAATACAC-3′; GAPDH forward, 5′-CGAGATCCTCAACCAATCAA-3′, and reverse 5′-GGTGGTCCAGGGTCGTTACT-3′. PCR reaction conditions were as follows: 20 sec at 95°C, 30 sec at 60°C and 30 sec at 72°C, repeated for 40 cycles. The 2^−ΔΔCq^ method was used to analyze mRNA expression ([@b18-ol-0-0-10374]).

### Western blot analysis

RGN-transfected and empty vector control cells cultured in 25 cm^2^ culture flasks were lysed using 500 µl RIPA lysate supplemented with 1 mM PMSF. The protein concentrations were determined using a bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology, Haimen, China) and 30 µg total protein/lane was separated using SDS-PAGE (separation gel, 12%; spacer gel, 5%). The separated proteins were transferred to polyvinylidene difluoride membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA), blocked with 5% non-fat milk and incubated with the following primary antibodies overnight at 4°C: RGN (1:1,000; cat. no. 17947-1-AP; ProteinTech Group, Inc., Chicago, IL, USA), β-catenin (1:1,000; cat. no. 51067-2-AP; ProteinTech Group, Inc.), p-glycogen synthase kinase (GSK)-3β (1:1,000; cat. no. ab75814; Abcam, Cambridge, UK), GSK-3β (1:1,000; cat. no. 22104-1-AP; ProteinTech Group, Inc.), matrix metalloproteinase (MMP)-3 (1:1,000; cat. no. 17873-1-AP; ProteinTech Group, Inc.), MMP-7 (1:800; cat. no. 10374-2-AP; ProteinTech Group, Inc.), MMP-9 (1:800; cat. no. 10375-2-AP; ProteinTech Group, Inc.), E-cadherin (1:1,000; cat. no. 20874-1-AP; ProteinTech Group, Inc.), N-cadherin (1:1,000; cat. no. 22018-1-AP; ProteinTech Group, Inc.), Vimentin (1:1,000; cat. no. 10366-1-AP; ProteinTech Group, Inc.) and GAPDH (1:1,000; cat. no. 10494-1-AP; ProteinTech Group, Inc.). GAPDH was selected as internal reference. The membranes were washed with TBS + 0.1% Tween-20 (TBST) three times for 5 min and subsequently incubated with secondary goat anti-rabbit IgG-HRP (1:5,000; cat. no. E-AB-1003; Elabscience Biotechnology Co., Ltd., Wuhan, China) for 1 h at 37°C. The membranes were washed with TBST three times for 10 min. Enhanced chemiluminescence ultra-sensitive luminescence solution (Applygen, Beijing, China) was used to develop the bands. Densitometry was performed using ImageJ v1.48 software (National Institutes of Health, Bethesda, MD, USA).

### Migration assay

800 µl/well DMEM with 10% FBS was added to a 24-well plate prior to the addition of Transwell inserts. HeLa cells (3×10^4^) were resuspended in 200 µl DMEM and loaded into the upper chamber. Following a 24 h incubation period in 37°C, the membranes were fixed with 4% paraformaldehyde for 15 min at room temperature (RT) and stained with 0.1% crystal violet for 10 min at RT. The cells on the inner surface of membrane were removed by a cotton swab, whereas those on the outer surface were counted by an optical microscope (magnification, ×400; Olympus Corporation, Tokyo, Japan) in five random fields.

### Invasion assay

Cellular invasive capacity was analyzed using a Matrigel assay. Matrigel (BD Biosciences; Becton, Dickinson and Company, Franklin, Lakes, NJ, USA) was diluted with DMEM at a ratio of 1:9 and added to the upper chamber. Once the gel had set, 800 µl DMEM with 10% FBS was added to 24-well plates, and 3×10^4^ cells were inserted into the chamber. The cells were incubated at 37°C for 24 h, fixed with 4% paraformaldehyde for 15 min and stained with 0.1% crystal violet for 10 min at RT. The cells on the inner surface of membrane were removed, whereas those on the outer surface were counted using an optical microscope (magnification, ×400) in five random fields.

### Cell proliferation assay

HeLa cells were cultured in 96-well plates (3×10^3^ cells/well) for 24, 48, 72 and 96 h. The culture medium was removed and 100 µl DMEM with 10% FBS and 10 µl Cell Counting Kit-8 assay buffer (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was added to each well. Following a 4-h incubation period, the absorbance was determined at 450 nm. The experiment was performed in triplicate.

### Colony formation assay

A total of 500 cells/well were seeded into 6-well plates and gently dispersed by agitation. The cells were cultured at 37°C with 5% CO~2~ for 14 days with frequent observation. The culture medium was discarded as soon as colonies were visible, and the wells were gently washed twice with PBS. The cells were subsequently fixed and stained with 0.1% crystal violet for 10 min at RT. The samples were gently washed with water and allowed to dry naturally, prior to the colonies being photographed and counted.

### Cell cycle analysis

Cell cycle analysis was conducted using a cell cycle detection kit (Vazyme Piscataway, NJ, USA). 2×10^6^ HeLa cells were washed and fixed with ice-cold ethanol (70%) for 8 h at 4°C. The cells were centrifuged at 300 × g for 5 min at 4°C, resuspended in 400 µl PBS supplemented with 20 µl RNase A solution, and incubated in a water bath at 37°C for 1.5 h. Subsequently, 400 µl PI Staining Solution (Beyotime Institute of Biotechnology, Shanghai, China) was added, and the cells were incubated at 4°C for 0.5 h prior to flow cytometric analysis using a flow cytometer (FACScalibur; Becton Dickinson, Cockeysville, MD, USA) and CellQuest software (Becton Dickinson).

### Statistical analysis

The data are described as the mean ± standard deviation. The experiments were performed in triplicate. Student\'s t-test and one-way ANOVA were used to analyze the experimental results and bioinformatics analysis. Student-Newman-Keuls post hoc test was used for multiple comparisons. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### The expression of RGN is reduced in the cancerous tissues of patients with CESC compared with those of healthy controls

Based on clinical information in TCGA, it was revealed that the expression of RGN in CESC tissues was reduced compared with those of normal tissues ([Fig. 1A](#f1-ol-0-0-10374){ref-type="fig"}), though this was not associated with individual cancer stage, patient\'s race, patient\'s weight, patient\'s age or histological subtype ([Fig. 1B-F](#f1-ol-0-0-10374){ref-type="fig"}).

### Exogenous RGN is successfully expressed in HeLa cells following lentivirus-mediated transfection

HeLa cells were infected with lentivirus-mediated RGN or empty lentivirus. The expression levels of RGN mRNA in RGN transfectants was significantly increased compared with those transfected with the empty vector ([Fig. 2A](#f2-ol-0-0-10374){ref-type="fig"}; P\<0.001). RGN protein expression level in the RGN transfectants was also increased significantly compared with the controls ([Fig. 2B](#f2-ol-0-0-10374){ref-type="fig"}; P\<0.001). The results indicated that HeLa cells that highly express RGN were successfully produced.

### Exogenous RGN influences the expression of β-catenin, p-GSK-3β, GSK-3β, MMP-3, MMP-7, MMP-9 and E-cadherin

The expression levels of β-catenin, p-GSK-3β, GSK-3β, MMP-3, MMP-7, MMP-9, E-cadherin, N-cadherin and vimentin were measured using western blotting. The expression levels of β-catenin, p-GSK-3β, MMP-3, MMP-7 and MMP-9 in RGN transfectants was markedly downregulated, whilst E-cadherin and GSK-3β expression was upregulated ([Fig. 3A](#f3-ol-0-0-10374){ref-type="fig"}). There was no significant change in the expression levels of N-cadherin and vimentin. The ratio of phosphorylated/total GSK-3β is displayed in [Fig. 3B](#f3-ol-0-0-10374){ref-type="fig"}, and reveals that the average ratio of phosphorylated/total GSK-3β in the controls was higher compared with that of the HeLa-RGN cell line. The aforementioned results indicate that exogenous RGN may effectively inhibit the Wnt/β-catenin pathway and subsequent epithelial-mesenchymal transition (EMT).

### Overexpression of RGN depresses cellular migration and invasion

Transwell and Matrigel assays were used to evaluate the migration and invasion abilities of HeLa cells, respectively. [Fig. 4A](#f4-ol-0-0-10374){ref-type="fig"} illustrates that the migration ability of HeLa cells was significantly depressed by RGN (number of migrated cells: 385.67±35.02 vs. 276.33±13.32, P\<0.01), and [Fig. 4B](#f4-ol-0-0-10374){ref-type="fig"} reveals that invasiveness was also depressed in RGN transfectants (number of invaded cells: 348.33±20.48 vs. 157.00±9.14, P\<0.01). The aforementioned results suggest that RGN overexpression may have the ability to inhibit tumor cell metastasis.

### RGN overexpression inhibits cell proliferation

Cell growth was analyzed using the CCK-8 assay. [Fig. 5A](#f5-ol-0-0-10374){ref-type="fig"} demonstrates that compared with the control group, the proliferation rate of the RGN transfectants was significantly lower at 72 h (P\<0.001). Cell proliferation was analyzed using a colony formation assay. Following 14 days of incubation, cell colonies formed of RGN transfectants were lower in number compared with those of the empty vector controls (P\<0.01; [Fig. 5B](#f5-ol-0-0-10374){ref-type="fig"}). The experimental results revealed that RGN effectively inhibits HeLa cell proliferation.

### RGN upregulation halts the cell cycle at the G~2~/M phase

Flow cytometry was used to compare the distribution of RGN transfectants and control cells between the cell cycle phases. The number of diploid HeLa-RGN cells in the G~2~/M phase was greater compared with those in the control group ([Fig. 6A](#f6-ol-0-0-10374){ref-type="fig"}). The proportion of RGN transfectants in the G~2~/M phase was higher compared with that of the empty vector transfectants (P\<0.01, [Fig. 6B](#f6-ol-0-0-10374){ref-type="fig"}), which suggests that RGN may depress tumor growth by retarding the cell cycle at the G~2~/M phase.

Discussion
==========

In the present study, lentivirus-mediated RGN was successfully transfected into HeLa cells, which markedly reduced cellular proliferation, migration and invasion. The effect of exogenous RGN expression on specific signaling pathways was analyzed using western blotting. The expression of β-catenin, p-GSK-3β, MMP-3, MMP-7 and MMP-9 was downregulated, whilst E-cadherin and GSK-3β expression was upregulated in cells overexpressing RGN. The results suggest that RGN may regulate proliferation and metastasis of HeLa cells by blocking the activation of the Wnt/β-catenin signaling pathway and EMT.

The inhibitory effects of RGN on cancer cell proliferation and metastasis have been reported in a number of studies. It has been demonstrated that RGN depresses H4-II-E cell proliferation by attenuating DNA synthesis, suppressing the activity of Ca^2+^/calmodulin-dependent protein kinase, protein kinase C and protein tyrosine kinase, or by altering the mRNA expression of various intracellular signaling-associated factors, including p21 and Insulin-like growth factor 1 ([@b19-ol-0-0-10374]--[@b23-ol-0-0-10374]).

Proliferation may also be inhibited when transferring exogenous RGN into lung cancer cells, or by incubating pancreatic cancer cells with RGN-supplemented media ([@b24-ol-0-0-10374],[@b25-ol-0-0-10374]). It was also demonstrated that RGN transgenic rats possessed a lower propensity for breast cancer, in addition to lower cellular proliferation and metastasis rates ([@b26-ol-0-0-10374],[@b27-ol-0-0-10374]). More recently, Yamaguchi *et al* ([@b28-ol-0-0-10374]) reported that the overexpression of RGN in the colorectal adenocarcinoma cancer cell line, RKO, suppressed proliferation and induced cell cycle arrest at the G~1~ and G~2~/M phases. The results of the present study revealed that the proliferation, migration and invasion abilities of RGN transfectants were significantly inhibited. Yamaguchi *et al* ([@b24-ol-0-0-10374],[@b28-ol-0-0-10374],[@b29-ol-0-0-10374]) also demonstrated that RGN promoted cell cycle arrest at the G~1~ and G~2~/M phases in A549, HepG2 and RKO cells. The present study on HeLa cells revealed that RGN halted the cell cycle at the G~2~/M phase, but not at the G~1~ phase. This suggests that the influence of RGN on the cell cycle varies between cell types.

Numerous studies have demonstrated that RGN is associated with various signaling pathways, including the nuclear factor-κB, Akt, mitogen-activated protein kinase and stress-activated protein kinases/Jun amino-terminal kinases pathways ([@b29-ol-0-0-10374],[@b30-ol-0-0-10374]). The overexpression of RGN suppressed the expression of multiple oncogenes including K-*ras, Ha-ras*, c-*fos, c-jun*, c-*myc* and *chk,2*, or enhanced the expression of certain anti-oncogenes including *p53* and *Rb* ([@b28-ol-0-0-10374],[@b31-ol-0-0-10374],[@b32-ol-0-0-10374]). The Wnt/β-catenin signaling pathway, which is associated with cell proliferation and metastasis, is involved in cervical carcinogenesis ([@b33-ol-0-0-10374],[@b34-ol-0-0-10374]). Wnt signaling is activated by the Frizzled family of transmembrane receptors; Wnt binding promotes the binding of β-catenin and T-cell factor/lymphoid enhancer factors in the cytosol, and their subsequent nuclear translocation; this results in the activation of target genes, including the MMPs ([@b35-ol-0-0-10374]--[@b37-ol-0-0-10374]). Prior to Wnt signaling activation, β-catenin is sequestered by E-cadherin in the cytoplasm. When β-catenin translocates to the nucleus, E-cadherin expression decreases, a phenomenon associated with EMT. During EMT, the expression of E-cadherin decreases significantly, while the expression of N-cadherin and vimentin increases ([@b38-ol-0-0-10374]--[@b40-ol-0-0-10374]). Additionally, the enhancement of GSK-3β activity results in the ubiquitination, and subsequent phosphorylation and degradation β-catenin ([@b41-ol-0-0-10374]). In the present study, β-catenin, p-GSK-3β, MMP-3, MMP-7 and MMP-9 expression were downregulated, while E-cadherin and GSK-3β expression were upregulated in RGN transfectants, indicating that exogenous RGN expression may inhibit the activation of Wnt/β-catenin signaling, enhance cell adhesion and alter cell morphology to an epithelial phenotype.

In conclusion, the present study may suggest that RGN is a protective factor in CA. Though the association between RGN, Wnt/β-catenin and EMT requires further investigation.
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![Expression of RGN is markedly lower in CESC patients compared with healthy controls, according to TCGA database. (A) Expression of RGN in normal individuals was notably higher compared with that in patients with primary tumors. However, there were no significant differences in RGN expression between (B) cancer stages, (C) patient\'s race, (D) patient\'s weight, (E) patient\'s age and (F) histological subtype. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 vs. normal controls. TCGA, The Cancer Genome Atlas; RGN, regucalcin; CESC, cervical and endocervical cancers.](ol-18-01-0609-g00){#f1-ol-0-0-10374}

![Lentivirus-mediated RGN upregulates the expression levels of RGN mRNA and RGN protein in HeLa cells. (A) RGN mRNA and (B) RGN protein was increased in RGN transfectants. \*\*\*P\<0.001. RGN, regucalcin.](ol-18-01-0609-g01){#f2-ol-0-0-10374}

![Influence of RGN on the Wnt/β-catenin signaling pathway. (A) The expression of β-catenin, p-GSK-3β, MMP-3, MMP-7 and MMP-9 were markedly downregulated, and E-cadherin and GSK-3β expression was markedly upregulated in RGN transfectants. (B) The average ratio of phosphorylated/total GSK-3β in the controls was higher compared with that in the HeLa-RGN cell line. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. RGN, regucalcin; GSK, glycogen synthase kinase; MMP, matrix metalloproteinase.](ol-18-01-0609-g02){#f3-ol-0-0-10374}

![Overexpression of RGN depresses cell migration and invasion. The (A) migration and (B) invasion abilities of HeLa cells were significantly depressed by RGN. Magnification ×100. \*\*P\<0.01. RGN, regucalcin.](ol-18-01-0609-g03){#f4-ol-0-0-10374}

![RGN overexpression inhibits cell proliferation. (A) Compared to the empty vector controls, the proliferation rate of the RGN transfectants was significantly attenuated. (B) Colony formation of RGN transfectants was significantly decreased. \*\*P\<0.01 and \*\*\*P\<0.001. RGN, regucalcin; OD, optical density.](ol-18-01-0609-g04){#f5-ol-0-0-10374}

![RGN overexpression blocks the cell cycle at the G~2~/M phase. (A) The number of diploid HeLa-RGN cells in the G~2~/M phase was higher compared with those in the control group. (B) The cell distribution in the G~2~/M phase was decreased in RGN transfectants compared with the control group. \*\*P\<0.01. RGN, regucalcin.](ol-18-01-0609-g05){#f6-ol-0-0-10374}
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